I. Introduction
Composites with magnetic and dielectric properties are versatile and thus employed in microwave and RF applications, such as antennas [1] [2] [3] and electromagnetic wave absorbers. [4] [5] [6] These composites are typically polymer-or ceramic-based soft ferrite composites. [7] [8] [9] [10] In this respect, the spinel-type 12 As the cationic composition affects the spinel structure, it is an important factor in addition to porosity and grain size in determining the electrical and magnetic properties of these ferrites. [12] [13] [14] To optimize the magnetic properties, an excess of iron oxide is often added. 15 In the case of MnZn ferrites, their relative permeability (µr) remains high up to several MHz before it deteriorates, whereas
NiZn ferrites have a high µr up to 100 MHz. 13 However, these properties can be adjusted with a composite approach to meet the requirements of different applications. 7, 12 The properties of a composite are determined by its constituent phases, and thus the more abundant matrix phase dominates the effective properties of the final composite. 9 Therefore, in the case of ceramic-based ferrite composites, relative permittivity (εr) always reaches greater values than the µr.
The general method for processing ceramic materials is the conventional solid state method which includes a high-temperature sintering step. 10, 12, 16 with low-melting additive, conductor, and substrate materials is greatly restricted, which hinders further development of ceramic composites and components. [16] [17] [18] Processing of ferrites by the conventional solid state method is challenging since ferrites with Mn and/or excess Fe generally suffer from oxidation depending on the sintering atmosphere at temperatures of 550-1000 °C. 11, 19, 20 Even when higher temperatures are used, this phenomenon must be taken into account during cooling. 19 Oxidation leads to deterioration of the magnetic properties as the spinel structure is changed or even decomposed, 19, 20 and to weight gain as extra oxygen atoms are incorporated into the material. 19 The oxidation products that are formed depend on the applied temperature, annealing time, and oxygen partial pressure, whereas the rate of oxidation is inversely proportional to particle size. 19, 20 24 The method has also been proven feasible for Ag electrode integration. 26 However, some processing issues have existed with RTD due to the small particle size of Li2MoO4. 25, 26 In the case of composite manufacturing, a Li2MoO4 particle size smaller than 45 µm was essential in order to achieve even distribution of a TiO2 additive in the Li2MoO4 matrix. 26 Previously, when such Li2MoO4 powder was moistened, clay-like clumps were formed, resulting in uneven density and further warpage and cracking of the samples. 15 With a larger particle size (< 180 µm), these problems were nonexistent.
Therefore, the samples manufactured from Li2MoO4 powder with a larger particle size exhibited improved dielectric properties in comparison with those manufactured from the smaller particle size powder. In a recent study, the amount of aqueous phase was increased in an attempt to overcome the processing issues caused by the small particle size thereby enabling the manufacture of composites with even TiO2 distribution. 26 However, this resulted in flashing of the material through the pistons during compression. On the other hand, decreasing the pressure is not an adequate solution as pressure is considered to be the driving force responsible for densification. 25, 26 Hence, a larger Li2MoO4 particle size is considered more advantageous from the processing point of view.
In this study, the RTD method was applied 
II. Experimental procedure
Li2MoO4 powder (99+ %, Alfa Aesar, Karlsruhe, Germany) was milled in ethanol with
ZrO2 milling media in a planetary ball mill (Pulverisette 6, Fritsch, Idar-Oberstein, Germany) to reduce particle size and to achieve suitable size distribution. After sieving with a mesh size of < 45 µm, the powder was analyzed with a laser diffraction particle size analyzer (Beckman Coulter LS13320, Brea, CA). At least 99 % of the particles were observed to be smaller than the mesh size used, with a mean particle size of 15 µm. Similarly, the particle size distribution of as-received MnZn ferrite (Toda Kogyo, Hiroshima, Japan) was measured to be 100 % under 32 µm, with a mean particle size of 9.4 µm. To prepare the composite powders, predetermined amounts of MnZn ferrite corresponding to the desired ferrite loadings of 10, 20, and 30 vol-% were mixed with Li2MoO4 in ethanol, first with an ultrasonic mixer to break down possible agglomerates, and then with a mortar and pestle. The resulting slurries were dried out in an oven at 100 °C, followed by sieving (< 45 µm).
As a difference from the previously reported RTD method of producing Li2MoO4 composite ceramics, 26 an additional process stage of pre-granulation 27 was carried out to reduce the fabrication problems related to the small Li2MoO4 particle size. Deionized water was sprayed on the composite powders while mixing with a spatula to achieve a thick uniform paste. Each paste was pressed uniaxially into a large disc (Ø 25 mm) in a steel mold under a pressure of 40 MPa. The discs were then dried at 120 °C for 24 h to evaporate residual water and to recrystallize the dissolved Li2MoO4.
After grinding the discs by hand in a mortar with a pestle to a coarse powder, this pregranulated powder was sieved with a mesh size of < 180 µm.
To prepare the disc samples, the pregranulated powders were moistened again. Less water was now needed and a free-flowing powder was formed instead of a paste. The discs were pressed and dried (Ø 20 mm, thickness 2.5 mm) as described above, except that the pressing pressure was increased to 150 MPa to achieve proper densification of the samples.
Similarly, a set of toroidal samples was prepared using a steel mold equipped with hollow cylinder-shaped pistons accommodating a rod (Ø 5 mm) in the middle. In addition, corresponding reference disc samples were prepared as described above, and then sintered at 685 °C for 2 h in air according to the sintering of Li2MoO4-Ni0.5Zn0.5Fe2O4 composites. 8 The surfaces of all samples were polished with a 
III. Results and discussion
The new processing stage of pre-granulation significantly improved the processability of composite powders by RTD, as earlier issues with processability 25, 26 were eliminated.
Moistening with deionized water and mixing of The relative densities of the samples are reported in Table 1 . The values achieved by RTD are similar to those of previously investigated Li2MoO4-TiO2 composites with corresponding loading levels and fabrication method. 26 The sintered samples had slightly higher relative densities, even though no measurable change in sample dimensions was detected when the before and after sintering dimensions were compared. Regardless of the As the EDS analyses showed no indication of additional phases, it is therefore suggested that no reaction takes place at the RTD process stages. This is consistent with previous composite studies with the RTD method. 25, 26 The diffraction patterns of the corresponding (Fig. 3 ).
This indicates that the ferrite has undergone However, the identity of the Mn-and Mobased reaction phase can be speculated. (Fig. 4 a) until the appearance of an endothermic peak in the DSC graph at 660-700 °C, which is attributed to the Li2MoO4 melting.
Respectively, a strong exothermic signal at 640-660 °C was observed upon cooling, which is related to the Li2MoO4 recrystallizing and the formation of the Mn-and Mo-based phase previously detected by EDS (Fig. 1 d) . In the TG graph, only a slight increase (about 0,3 %) in mass during heating was detected. This would result from addition of oxygen due to the proposed MnZn ferrite oxidation. 19 As the amount of MnZn ferrite is relatively low in the composite, its contribution to the behavior of the composite was clarified by a similar analysis of the pure ferrite powder.
Contrary to that of the composite powder, the DSC graphs of MnZn ferrite (Fig. 4 b) demonstrated two mild exothermic signals, at 360-400 °C and at 580-620 °C, respectively.
Simultaneously, the TG graph showed a 2 % increase in mass starting at 360-400 °C with a moderate rise until 700 °C. No signals appeared upon cooling in either the TG or DSC graphs.
An equivalent analysis in an inert argon atmosphere (Fig. 4 b) showed that the two exothermic signals in the DSC graph were now absent. In addition, no mass chance was observed, whatsoever. Therefore, it was concluded that oxidation of MnZn ferrite is evident during sintering of the reference composite samples. However, the behavior of pure MnZn ferrite powder should not be considered identical to its behavior as a constituent phase of a composite. In this particular case, the total degree of oxidation is assumed to be relatively low, since the MnZn In general, a higher processing temperature enhances the material's dielectric and magnetic properties as its density improves and grain size increases with decreasing grain boundary area. 33, 34 With the RTD method, it is clear that no grain growth occurs, whereas with sintering the density is slightly increased and somewhat larger Li2MoO4 particles were observed ( Table   1 , Fig. 1 ). In the case of MnZn ferrite no grain growth is expected according to its significantly high sintering temperature of about 1200-1300 °C. 14, 35 Based on the measurements, the effect of the slightly increased Li2MoO4 grain size cannot cancel out the impairing effect of MnZn ferrite oxidation on the εr and µr of the sintered samples.
The frequency dispersion of the εr and µr (Fig. 5 a) resembles the corresponding behavior of polypropylene-MnZn ferrite composites prepared from the same MnZn ferrite composition. 9 The dielectric losses appear to decrease with increasing frequency until a rapid increase occurs near 1 GHz. Previously, such a decrease in tan δ(ε) towards higher frequencies was explained by dielectric relaxation of the MnZn ferrite powder. 9 However, it is noted that near the 1 GHz region, the resonance of the measurement system interferes with the actual dielectric loss behavior of the samples, thus complicating interpretation of the results. When the amount of MnZn ferrite increases, the dielectric losses are also observed to increase rapidly, especially with the RTD samples. A similar observation was explained by percolation in the case of polypropylene-based samples. 9 In the current case, the percolation limit is not expected to be exceeded since the loading levels of MnZn ferrite are only moderate.
The slightly declining behavior of the relative permeabilities (Fig. 5 b) resembles that of the polypropylene-MnZn ferrite samples. 9 It represents the relaxation-type permeability spectra also observed for polyphenylene sulfide resin-MnZn ferrite composites. 13 In addition, µr decreases at higher frequencies when the loading level of MnZn ferrite is decreased, similar to what was observed for polypropylene and polyphenylene sulfide resin composites. 9, 13 Furthermore, it is noted that the pressed and 
where εeff, εm, and εa are the effective permittivities of the composite, matrix, and additive materials, respectively, and V is the additive volume fraction. In calculating permeability, ε is replaced by µ. The εeff and µeff calculated using these mixing rules with the measured properties of the samples are provided in Figure 6 . In the case of the sintered samples,
the measured values of εr appear to be only slightly lower than the calculated ones, probably due to porosity or the additional Mnand Mo-based reaction phase (Fig. 6 a) . On the contrary, the measured values of µr are somewhat higher than what could have been expected based on the mixing rules (Fig. 6 b) .
Correspondence between the measured and calculated εr and µr values is extremely poor in the case of the RTD samples. This is an interesting observation since previously, Li2MoO4-TiO2 composites manufactured by RTD were found to be in good agreement with Lichtenecker's rule below the loading level of 20 vol-%, beyond which correspondence decreased due to increased porosity. 26 However, the values available for pure MnZn ferrite, given without the measurement frequency or any information on sample processing (hence the possibility of oxidation) on the data sheet, might be inapplicable. Additionally, the measurement accuracy of the relative permeability is low.
IV. Conclusions
The first magnetic composites manufactured by the RTD method were prepared from Li2MoO4
and temperature-and atmosphere-sensitive 
